Echinacea has received extensive research attention, yet relatively little is known about the fruits (cypselae) of this economically important genus. The goal of this study was to investigate and compare the cypselae of four Echinacea species, E. purpurea, E. angustifolia, E. pallida, and E. paradoxa, with respect to chemistry and germination. The phytochemical content of various fruit fractions was analyzed by HPLC-DAD, identifying several alkylamides and caffeic acid derivatives of medicinal value in all tissues. Alkylamides were most concentrated in the perianth and glands while phenolics were generally enriched within the seed. Germination studies of intact cypselae and de-coated seeds demonstrate that the influence of cypsela coatings on germination depends on growth environment. Removal of the perianth and pericarp resulted in decreased germination in soil but significantly improved germination of seeds of all species when sown in sterile agar medium. In contrast, a higher percentage of intact cypselae of E.
purpurea, E. angustifolia, and E. pallida (Qu et al. 2005) . Echinacea products may also contain a variety of plant organs; most commonly roots, but also flowers and other aerial parts. In E.
purpurea and E. angustifolia, the roots generally have the highest levels of alkylamides, echinacoside, and cynarin, whereas flower heads contain the highest concentration of CADs. The leaves of most species contain few known bioactives and are thus rarely used in natural health products (Kabganian et al. 2003; Stuart and Wills 2003; Qu et al. 2005; Chen et al. 2009 ).
However, E. pallida leaves are rich in phenolics, specifically cichoric acid (Erenler et al. 2015) , while the leaves of commercially neglected E. paradoxa are uniquely rich in alkylamides (Chen et al. 2009 ). Information on the localization of polysaccharides is not available, but they have been isolated from both the roots and aerial parts of E. purpurea (Manayi et al. 2015) .
Flower heads of Echinacea, when used commercially, are harvested before seed set (Binns et al. 2002b; Stuart and Wills 2003; Qu et al. 2005) , and there is limited information available on the phytochemistry of Echinacea fruits. For example, a recent study on the localization of alkylamides in E. purpurea examined alkylamide content in a total of 36 different tissues (Rizhsky et al. 2016) . Particularly high concentrations of alkylamides were found in petals and disc flowers, and moderate concentrations were also noted in receptacles of mature
as vitamin E, making Echinacea oil very nutritious (Oomah et al. 2006; Vandyshev et al. 2009 ).
Oil yield ranges from 13-23%, depending on species and fruit size. Echinacea extracted oil also contains a number of medicinal compounds, including germacrene-D and alkylamides (Mirjalili et al. 2006; Oomah et al. 2006) . For example, the fruits of E. purpurea and E. angustifolia contain 0.75 and 1.06 mg, respectively, of the alkylamide isomer pair dodeca-2E,4E,8E,10E/Z tetraenoic acid isobutylamide, per gram (He et al. 1998) . Previous studies have also noted that oil extracted from Echinacea fruits contain enough of these metabolites to have a medicinal effect in rodents (Yu et al. 2013) . Further, CADs are routinely derived from flower heads, and are present in flower heads following seed set (Liu et al. 2007 ). To our knowledge, only Schulthess et al.
(1991) have examined phytochemical localization within Echinacea fruits, reporting that alkylamides are primarily located in the fruit wall that is shed during germination.
Although Echinacea fruits have previously been called achenes, recent anatomical research notes that they are derived from inferior ovaries, and are more accurately described as cypsela (Marzinek et al. 2008) . The outer coating of these cypselae comprises two distinct layers, D r a f t 6 mechanical constraint, limiting access to water, or production and retention of germination inhibitors (Kelly et al. 1992) . If this is the case, simple mechanical processing of cypselae to remove inhibitory components may facilitate germination and thereby commercial cultivation.
While the potential roles of secondary metabolites and anatomical structures in Echinacea fruits could inform the cultivation and breeding, few relevant data are currently available. To address these knowledge gaps, we analyzed the phytochemistry of cypselae from four different Echinacea species: the commercially important E. purpurea, E. angustifolia, and E. pallida, along with E. paradoxa, which is primarily ornamental. Alkylamide and phenolic content in cypselae tissues was measured to determine where metabolites are localized.
Germination studies were also conducted to investigate the effect of the removal of cypselae coatings on germination in soil and on sterile agar. A better understanding of fruit chemistry and physiology will not only support cultivation and breeding practices in the Echinacea industry but also the development of value added products from cypselae as underutilized plant materials.
Methods

Plant material
Cypselae are defined as the intact seed, perianth and pericarp, as harvested from the plant (Figure 1 
Cypsela layer metabolite extraction
Three batches of 30-40 cypselae from each of the four Echinacea species were dissected with forceps and a razor blade into perianth, pericarp, and seed fractions (Figure 1 ). The weight of each fraction was recorded and expressed relative to total cypsela weight (% and mg/seed).
For each fraction, metabolites were extracted in 2 ml of 80% HPLC-grade ethanol in glass vials.
Each vial was vortexed for 15 seconds, and then placed in a Branson 5210 sonicator bath for 30 minutes, briefly vortexed again, and then placed on an orbital shaker at room temperature for approximately three hours at 250 RPM. The samples were allowed to settle for 30 minutes, and the supernatant was then transferred to a fresh glass tube using a glass Pasteur pipette. This extraction protocol was repeated, and the two extracts were pooled (4 mL total per sample).
Following the initial extraction of the seed fraction, the seeds were crushed with a mortar and pestle and re-extracted as described above. All extracts were dried under nitrogen, then resuspended in 1 ml of HPLC-grade methanol and passed through a 0.2 µm syringe filter (Chromatographic Specialties Inc., Ontario, Canada) prior to HPLC analysis.
To analyze the phytochemistry of glands, the seeds of 15-25 fruits were first isolated and weighed, with the glands subsequently collected from the seed surface into 0.5 ml of HPLC-
grade ethanol using forceps. The glands were then gently crushed with a metal spatula and extracted as described for the other cypsela components but with only one round of extraction.
The ethanol extract was directly filtered and injected for HPLC analysis. Gland collection and analysis was replicated at least once for each species (n = 2-3) and gland weights were determined as the difference between seed weight before and after the glands were removed (by batch of 15-25 seeds).
Cypsela layer phytochemical analysis
An Agilent 1100 series high pressure liquid chromatography (HPLC) system was used 
Germination tests
For each of the four Echinacea species, 25 whole cypselae were sown directly in BX Promix potting soil (Premier Horticulture Inc., Quakertown, PA) and placed in the greenhouse.
Another 25 cypselae of each species were de-coated (pericarp and perianth removed) to obtain seeds. Seeds were sterilized with 3% sodium hypochlorite for 15 minutes, immersed in 70% ethanol for 30 seconds, and then rinsed three times with sterile distilled water. Sterilized seeds
were sown on a water agar medium and kept out of direct light. Germination percentage, defined as the proportion of seeds sown that showed emergence of cotyledons, was recorded at 30 days.
Tests of whole cypsela germination on water agar were impeded by fungi that grew profusely from the seed coat; germination of cypsela on water agar was thus not observed and this data is not included in our statistical analyses. In a second experiment, germination percentage was determined at 30 days for 15 whole cypselae and 15 sterilized seeds sown in BX Pro-mix soil in the greenhouse. Differences in germination were assessed using a chi-square test with the statistics program R.
Results
Cypsela weight and tissue composition
On average, the cypselae of E. paradoxa and E. pallida weigh approximately 6 mg each, about 50% heavier than those of E. angustifolia and E. purpurea. Across species, the perianth, pericarp, and seed accounted for 17-22%, 11-20%, and 59-71% of cypsela by weight, respectively. The glands located on the surface of dissected seeds represent 1-2% of seed mass (Table 1) .
Cypsela phytochemical content
Echinacea extracts may contain more than 20 different alkylamides, several of which are isomers (Cruz et al. 2014) . Definitive identification of every alkylamide is beyond the scope of this study, thus, well-resolved alkylamide peaks identified in E. purpurea root extract were D r a f t assigned numbers between 1 and 7 and used as a reference to identify major peaks in the analysis of all cypselae extracts ( Figure 2A ). The identities of these alkylamides are 1 & 2 -Undeca-2E/Z, 4Z/E-diene-8,10-diyonic acid isobutylamide; 3 -Dodeca-2E,4Z-diene-8,10-diynoic acid 2-methylbutylamide; 4 -Undeca-2E,4Z-diene-8,10-diyonic acid 2-methylbutylamide; 5 -Dedeca-2E,4Z-diene-8,10-diyonic acid 2-methylbutylamide; 6 & 7 -2E,4E,8Z,10E/Zdodecatetraenoic acid isobutylamide. Quantification was based on purified standards of each alylamide.
The identification of phenolic compounds in E. purpurea roots was similarly confirmed relative to reference standards ( Figure 2B ). Although some of the peaks in the 330 nm chromatogram could not be definitively identified, based on their UV absorbance profiles they are likely caffeic acid derivatives (e.g. cynarin), or other hydroxylated phenolic acids.
In all cypselae fractions the dominant alkylamides were the dodecatetraenoic isomers, 6
and 7 (Table 2) . Alkylamides 1-4 were detected in all four Echinacea species, though often at very low concentrations. Notably, alkylamide 5 was only detected in E. paradoxa, which also had the highest concentrations of alkylamides 2 and 3 and the greatest diversity of alkylamides (Table 2) . Overall, E. paradoxa had the highest concentration of both the targeted alkylamides 6-7 and total alkylamides, which accounted for more than 1% of cypsela dry weight, followed by E. purpurea, E. angustifolia, and E. pallida. When comparing alkylamide content between the various cypsela parts, the pericarp consistently contained higher levels than the perianth or seed;
this trend was strongest in E. paradoxa, where alkylamide levels in the pericarp were 3 times higher than in the perianth or seed. Across species, the seed and perianth were comparable in terms of their alkylamide concentration.
To investigate whether alkylamides are differentially localized within the seed, we compared alkylamide concentrations in our first (surface) and second (crushed seed) extracts, demonstrating that, across species, alkylamides were richer in the surface fraction (data not shown). Given that i) the glands attached to the seed surface (Figure 1 ) may serve as a site of secondary metabolism or metabolite storage, and ii) the contribution of gland chemistry to the surface and crushed seed fractions was unclear, we extracted glands isolated from the seeds of each species. Subsequent analysis by HPLC revealed that the glands of all species were enriched in alkylamides 6-7 (by as much as 22-fold in E. pallida) and total alkylamides (by as much as 18-fold in E. paradoxa) ( Table 2 ).
Several phenolic compounds were detected in the cypselae of Echinacea; cichoric acid, caffeic acid, chlorogenic acid, and echinacoside levels were quantified relative to standards.
Chlorogenic acid was the principal phenolic component in all cypsela, consistently reaching 7-8 mg/g cypsela in all species. Cichoric acid was detected in nearly all extracts but only prominent in E. pallida, which had the highest aggregate content of quantified phenolic metabolites (Table   3 ). In contrast to alkylamides, caffeic acid derivatives were most abundant in seed extracts and generally very low in those of perianth and pericarp. Again, E. pallida was the exception with considerable levels of cichoric acid and other phenolics in all tissues (Table 3) . In gland extracts, few (E. pallida and E. purpurea) or no (E. angustifolia and E. paradoxa) phenolics were present above the limit of detection.
Germination
When placed in soil, intact cypselae of E. purpurea and E. pallida had higher percent D r a f t germination than did those of E. angustifolia and E. paradoxa (Table 4) . Overall, seeds with perianth and pericarp removed had low percent germination compared to intact cypselae when germinated in the soil, though this difference was only significant for E. purpurea. Notably, some seeds germinated in the soil, but did not survive through the end of the 30 day trial period.
Intact E. pallida cypselae had a borderline significant (p=0.05) increase in germination percentage compared to the seeds, but this increase became significant when taking into account overall survival.
For all Echinacea species, we observed significantly greater germination of de-coated seeds sown in agar medium in comparison to those sown in soil (chi-squared test, p < 0.001 for all species). A slightly lower percentage of E. purpurea seeds germinated on agar compared to whole cypselae on the soil, though this difference was not significant (Table 4) . When whole surface-sterilized cypselae were sown on agar medium, they were overtaken by the growth of microbes (presumably endophytic) and, despite taking up water, no cotyledons emerged.
At the end of the 30 day germination period, E. purpurea and E. pallida appeared more robust after emerging from the soil. E. purpurea seedlings were generally the fastest growing, and were eventually the first to produce flowers. In comparison, the few E. angustifolia and E. paradoxa plants that survived had slower growth rates, and developed fewer leaves. All seedlings that were germinated in sterile medium tended to be a bit delicate, with leaves and roots that were smaller than those grown in the soil. However, seedlings grown on nutrient medium for 2 -3 weeks survived transplantation to soil and, once established, resembled soilgrown seedlings after 2 -3 months. In addition to understanding the phytochemistry of cypselae, we sought to determine the effects of cypsela structure on seed germination. Previous studies have demonstrated that E.
pallida and E. purpurea cypselae appear to require no treatment to alleviate dormancy and have germination percentages of 70%-85%. Conversely, percent germination of untreated E.
angustifolia can be as low as 0-5% but improve to levels comparable to E. purpurea and E.
pallida following pretreatment at 0-5°C (Parmenter et al. 1996; Chuanren et al. 2004; Romero et al. 2005 ). In our experiments, the germination of whole cypsela on soil was consistent with the published germination data for seeds without pretreatment (lack of pretreatment was confirmed by both seed suppliers). No cypselae of E. paradoxa completed germination, suggesting that cypselae of this variety may, like E. angustifolia, require cold or other pretreatment to improve germination, though additional research is required (Table 4) . To our knowledge, this is the first study to assess the germination of E. paradoxa. Despite inter-species differences in germination percentage, germination and seedling survival were improved in all species when cypsela coats were removed and seeds were sown on agar medium.
When de-hulled seeds were sown in soil, percent germination generally decreased in comparison to cypselae in soil. Notably, some seedlings in the soil treatment were rapidly colonized by fungi before the end of the trial period, suggesting that cypsela coats may enhance survival by protecting germinating seeds from microbes in the soil environment, either by physical or chemical means. Parmenter et al. (1996) found that, while partially removing seed coats from E. angustifolia cypselae did not affect germination of untreated seeds, germination was halved in cut seeds treated with two or more weeks at 3-5°C in high humidity. Since the coatings were not fully removed, this suggests that the protective role of cypsela coatings may be more as a physical barrier to microbes than as a source of antibiotic metabolites.
When plated on sterile agar medium, intact cypselae were quickly colonized by microbes and did not produce radicals. Interestingly, since all cypselae were surface-sterilized prior to plating, this suggests that the perianth and pericarp layers harbour microbes that limit the completion of seed germination on agar but not (to the same extent) in soil. In contrast to cypselae, the percent germination of bare seeds ranged from 63-93% on agar, depending on the D r a f t species (Table 1) . Increases in germination upon removal of the cypsela coatings have previously been noted when E. angustifolia is sown on media or filter paper (Sorensen and Holden 1974; Chuanren et al. 2004 ). This increase relative to the soil may have been due to high humidity in the petri plates, which can increase germination (Romero et al. 2005) . However, several seedcoat associated mechanisms that impose dormancy could have contributed to the low germination percentages of whole cypselae, including mechanical constraint, limited access to water, or production and retention of inhibitors (Kelly et al. 1992) . Since the entire coat was removed in this study, it is impossible to determine which, if any, of these factors had an impact on the observed results. More research is necessary to determine whether or not cypsela coats impose dormancy, and if so, by what mechanism.
Conclusion
Apart from methods to break dormancy, which can pose a significant challenge to Echinacea cultivation, information about the cypselae of Echinacea remains sparse. This study showed that the removal of the perianth and pericarp from seeds reduces percent germination when seeds are sown in soil, but increases germination on sterile media. In addition to supporting the importance of the role of the seed coat in protecting emerging seedlings, this finding represents a potential means to circumvent Echinacea seed dormancy without the need for long pretreatment periods (e.g. stratification or hormone treatments). Similar to "embryo rescue", which has been used successfully in other species (Sharma et al. 1996) , culturing techniques involving de-hulling are not common practice in Echinacea cultivation.
The cypsela tissues of Echinacea contain a variety of bioactive alkylamides most D r a f t concentrated in the pericarp and, specifically, the glands, as well as phenolics (including CADs) primarily localized to the seed. While the abundance of these metabolites in the seed coatings may contribute to reduced germination percentage when bare seeds were sown in soil, no direct correlation between metabolic content and germination was observed. As reported for Nethanolamines in Arabidopsis thaliana (Teaster et al. 2007; Keereetaweep et al. 2013) ,
Echinacea alkylamides may impact seedling development. Given the observed localization patterns and germination results, additional research into the ecophysiological role of fruit alkylamides is warranted, particularly with respect to the glands (which are absent in A.
thaliana). Moreover, building on the recent discovery of an amino acid decarboxylase involved in alkylamide biosynthesis in E. purpurea (Rizhsky et al. 2016) , genomic approaches focusing on the regulation of alkylamide biosynthesis in glands promises to reveal novel enzymatic pathways and needed insight into the ecophysiology of alkylamides.
The unique abundance and diversity of alkylamides in E. paradoxa fruits also deserve more investigation as few studies have explored the distinct phytochemistry and pharmacology of non-commercial Echinacea taxa (Binns et al. 2002c ). The historic reasoning for avoiding these taxa was their scarcity and more challenging cultivation requirements. However, recent advances in tissue culture technology may help to overcome such obstacles. Propagating
Echinacea through tissue culture would not only allow for the development of higher quality materials but would also free up the cypselae as a new source of medicinal products. Since the cypselae are often left unharvested or unprocessed by producers, or harvested only for seed collecting purposes, our data support a novel value-added opportunity. Indeed, harvesting seeded flower heads, as opposed to roots, might be a more sustainable system of Echinacea cultivation. expressed as mg/g dry tissue ± SEM (n = 2-3 for glands; n = 3 for others).
Caffeic acid
Chlorogenic acid Caftaric acid Echinacoside Cichoric acid mg / g tissue dry weight ± SEM (n = 3, 2-3 for glands)
E. purpurea
Cypsela (whole) 0.06 ± 0.02 6.90 ± .087 0.05 ± 0.02 0.08 ± 0.05 0.29 ± 0.02
• Seed 0.09 ± 0.05 10.37 ± 0.72 0.05 ± 0.01 0.12 ± 0.07 0.41 ± 0.03
E. angustifolia
Cypsela ( 
E. paradoxa
Cypsela (whole) ---7.91 ± 0.43 0.12 ± 0.02 0.15 ± 0.02 0.12 ± 0.03
• Pericarp ---0.22 ± 0.07 ------0.04 ± 0.01
• Perianth ---0.21 ± 0.07 ---0.09 ± 0.03 0.11 ± 0.04
• Seed ---11.19 ± 0.54 0.17 ± 0.03 0.20 ± 0.03 0.14 ± 0.04 
